The RNase H primer grip of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) contacts the DNA primer strand and positions the template strand near the RNase H active site, influencing RNase H cleavage efficiency and specificity. Sequence alignments show that 6 of the 11 residues that constitute the RNase H primer grip have functional equivalents in murine leukemia virus (MLV) RT. We previously showed that a Y586F substitution in the MLV RNase H primer grip resulted in a 17-fold increase in substitutions within 18 nucleotides of adenine-thymine tracts, which are associated with a bent DNA conformation. To further determine the effects of the MLV RNase H primer grip on replication fidelity and viral replication, we performed additional mutational analysis. Using either ␤-galactosidase (lacZ) or green fluorescent protein (GFP) reporter genes, we found that S557A, A558V, and Q559L substitutions resulted in statistically significant increases in viral mutation rates, ranging from 2.1-to 3.8-fold. DNA sequencing analysis of nonfluorescent GFP clones indicated that the mutations in RNase H primer grip significantly increased the frequency of deletions between the primer-binding site (PBS) and sequences downstream of the PBS. In addition, quantitative real-time PCR analysis of reverse transcription products revealed that the mutant RTs were substantially inefficient in plus-strand DNA transfer relative to the wild-type control. These results indicate that the MLV RNase H primer grip is an important determinant of in vivo fidelity of DNA synthesis and suggest that the mutant RT was unable to copy through the DNA-RNA junction of the minusstrand DNA and the tRNA because of its bent conformation resulting in error-prone plus-strand DNA transfer.
Genetic diversity is a hallmark of retroviral populations resulting from a high rate of mutations during viral replication (4, 37, 39) . This genetic variation is of clinical significance because it is the basis for antiviral drug resistance and escape from host immune responses readily exhibited by retroviruses such as human immunodeficiency virus type 1 (HIV-1) (12, 21, 25, 27, 35, 36) . The rapid evolution of retroviruses is also an impediment to the design of broadly effective vaccines against HIV- 1 (11, 40) . Although host cell DNA polymerases and RNA polymerase II are involved in the replication of retrovirus genomes, error-prone replication by the virally encoded reverse transcriptase (RT) is most likely a major contributor to the high mutation rate of retroviruses (20) .
The structure of RT and inherent nature of the reverse transcription process likely play an important role in the low fidelity of RT. Unlike most high-fidelity cellular DNA polymerases, RT lacks a classical 3Ј-5Ј exonuclease proofreading activity. Other structural features also known to affect RT fidelity include positioning of the template-primer complex at the polymerase active site that is dictated by contacts with RT residues and the local geometry of the polymerase active site (3, 15, 44) . In addition, reverse transcription of the retroviral RNA genome requires two template-switching events, namely, minus-strand DNA transfer and plus-strand DNA transfer. It is hypothesized that in order to accommodate these two essential events, RT has evolved to possess low template affinity and processivity (39) , which can inadvertently result in templateswitching mutations (30) . Taken together, these factors contribute to the error-prone nature of DNA synthesis by RT and to the high mutation rate of retroviruses.
In spite of the potential role of RT structure in the accuracy of DNA synthesis, only a few studies have characterized the structural determinants of RT fidelity in vivo (13, 14, 22-24, 37, 44) . These studies have identified the polymerase active site YXDD motif and other domains, such as the deoxynucleoside triphosphate (dNTP)-binding site, to be important in replication fidelity. Mutations in the YXDD motif of murine leukemia virus (MLV) and human T-cell leukemia virus type 1 were associated with changes in fidelity of DNA synthesis (13, 22) . Mutational analysis of the dNTP-binding site and flanking residues of both MLV and HIV-1 has revealed the importance of the domain in replication fidelity. Mutating the residue that binds the base and ribose moiety of the incoming dNTP F155 to W in MLV and its HIV-1 homolog Y115 to A resulted in significant increases in the in vivo mutation rate, as did mutation of MLV dNTP-binding site flanking residue L151 to F (14, 24) . In contrast, mutation of HIV-1 dNTP-binding site residue Q151 to N increased the accuracy of DNA synthesis (24) . Intriguingly, mutations in the finger and primer grip subdomains of HIV-1, such as K65R, D76V, R78A, and W229A, affected the in vivo replication fidelity by increasing the accuracy of DNA synthesis (24) . In addition, HIV-1 RTs resistant to 3Ј-azido-3Ј-deoxythymidine were shown to increase the in vivo mutation rate (23) .
Structural determinants of RT fidelity are not restricted to residues close to the polymerase active site. We recently reported that the Y586F substitution in the MLV RNase H domain resulted in an approximately fivefold increase in the MLV mutation rate in vivo, which is the highest reported to date (44) . Residue Y586 of MLV is equivalent to HIV-1 residue Y501, a constituent of the recently described RNase H primer grip domain, which contacts the DNA primer strand and positions the template strand near the RNase H active site, influencing RNase H cleavage efficiency and specificity (31, 34) . Mansky et al. also recently reported that the HIV-1 mutant Y501W results in a 2.7-fold increase in the in vivo mutation rate (24) . Sequence alignments indicate that six out of 11 HIV-1 RNase H primer grip residues have functional equivalents in the MLV RNase H domain (34) . In the present study, mutational analysis of several residues in the MLV RNase H primer grip was carried out to further determine the role of this domain in MLV replication fidelity in vivo. The results show that mutation of certain residues in this domain result in an increased frequency of deletions between the primer-binding site (PBS), and sequences downstream, indicating an errorprone plus-strand DNA transfer.
MATERIALS AND METHODS
Plasmids, retrovirus vectors, and mutagenesis. Plasmids pLGPS and pRMBNB express MLV gag and pol genes from a truncated long terminal repeat (⌬LTR) promoter (14, 26) . Plasmid pSV␣3.6 encodes the ␣ subunit of the murine Na ϩ ,K ϩ -ATPase gene and confers resistance to ouabain (19) . Plasmid pGN-MLV-GFFP-IHy is a derivative of pES-GFFP (38) in which the NotI-NgoMIV fragment containing the GFFP-IRES-neo cassette was replaced by the PpuMIBglII fragment from pKD-HIV-GFFP-IHy (29) containing the cytomegalovirus (CMV)-GFFP-IRES-hygro cassette. Plasmid pHCMV-G expresses the G envelope protein of vesicular stomatitis virus from a CMV promoter (43) . The S557A, A558V, Q559L, Y586A, and T590A substitution mutations in the MLV RNase H primer grip domain of pRMBNB were generated by using a QuikChange sitedirected mutagenesis kit (Stratagene). By using an alanine-scanning mutagenesis strategy, we substituted most of the residues with alanines, with the exception of A558 and Q559. The A558 residue, which was already an alanine was substituted with a valine, and Q559 was substituted with a leucine because of ease of primer design. The presence of the desired mutations and the absence of other mutations were verified by restriction enzyme digestions, followed by DNA sequencing.
Cells, transfections, and infections. D17 dog osteosarcoma cells and 293T cells were obtained from the American Type Culture Collection. The D17-based cell lines ANGIE P or A3GFP11, which contain a single GA-1 or MP-1 provirus, respectively, also express an amphotropic MLV envelope (13, 44) . The GN-MLV-GFFP cell line contains a single MLV-based provirus derived from the vector pGN-MLV-GFFP-IHy. To construct the cell line, 293T cells were cotransfected with vector pGN-MLV-GFFP-IHy, helper construct pLGPS, and envelope construct pHCMV-G. The resulting pseudotyped virus was used to infect 293T cells. After hygromycin selection, several nonfluorescent cell clones (verified by flow cytometry) were isolated, expanded, and characterized by Southern blot analysis and infection assays. A cell clone containing one full-length provirus and producing the best virus titer was named GN-MLV-GFFP and used as a virus producer cell line. Cells were grown in Dulbecco modified Eagle medium (HyClone Laboratories, Inc.) supplemented with 6% calf serum (D17 cells) or 10% fetal calf serum (293T cells), 50 U of penicillin (Gibco)/ml, and 50 g of streptomycin (Gibco)/ml. Transfection of ANGIE P and A3GFP11 cells was performed by using the dimethyl sulfoxide-Polybrene method (18) . Transfection of 293T cells was carried out by using calcium-phosphate precipitation (33) (CalPhos Transfection Kit; Clontech). Infections were performed in the presence of Polybrene (50 g/ml).
In vivo single-replication-cycle fidelity assay. ANGIE P or A3GFP11 cells were plated at a density of 2 ϫ 10 5 cells per 60-mm-diameter dish and 24 h later were cotransfected with either wild-type or mutant pRMBNB and pSV␣3.6. The transfected cells were selected for resistance to ouabain (10 Ϫ7 M), and the resistant colonies were pooled and expanded. The culture medium from pooled cells containing either GA-1 or MP-1 virus was used to infect D17 target cells plated at a density of 2 ϫ 10 5 cells per 60-mm-diameter dish as previously described (13) . After selection for resistance to G418, GA-1-infected D17 cells were stained with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), and lacZ inactivation was determined by counting blue and white colonies, whereas MP-1-infected cells were observed under a fluorescence microscope to determine the frequency of GFP inactivation (8, 13, 44) . Isolation of single nonfluorescent cell clones by FACS. G418-resistant colonies from MP-1 virus-infected cells were pooled, passaged, and subjected to fluorescence-activated cell sorting (FACS) (CloneCyt Plus System, FACSVantage SE; BD Biosciences) to isolate individual nonfluorescent clones that did not express functional GFP. The clones were sorted into 96-well plates, and the nonfluorescent phenotype was subsequently verified by fluorescence microscopy.
Isolation of genomic DNA, PCR, and sequence analysis. After FACS, single nonfluorescent cell clones grown in 96-well plates were expanded into 24-well plates and then into 60-mm-diameter dishes. The cell clones were harvested and lysed to isolate genomic DNA by using an Bio-Rad AquaPure Genomic DNA Isolation Kit (Bio-Rad). Provirus-specific DNA fragments were amplified by PCR by using Takara Hot-Start Taq DNA polymerase (Takara Mirus Bio., Inc.) and the following sets of forward and reverse primers encompassing the region between the 5ЈLTR and internal ribosome entry site (IRES) of MP-1 provirus: MP-1623F (5Ј-T CACTCCTTCTCTAGGCGCCGGAATTGG-3Ј) and MP-2390R (5Ј-GGAATTG GCCGCTCACTTGTACAGCTCG-3Ј), U3-5538F (5Ј-CCAATCAGTTCGCTTC TCGCT-3Ј) and MP-2390R, or U3-5538F and MP-2938R (5Ј-GTTCAATCATGC GAAACGATCC-3Ј).
Quantitative real-time PCR analysis. For real-time PCR analysis, we used virus produced by transfection of the GN-MLV-GFFP cell line because it produced high-titer virus. GN-MLV-GFFP cells were cotransfected with either wildtype or mutant pRMBNB and pHCMV-G. Medium was changed 24 h posttransfection, and virus was collected 24 h later. The virus was used to infect 293T target cells for 1, 3, and 6 h after which cells were washed once with PBS. For harvesting cells at 3 and 6 h postinfection, fresh medium was added to the cells at 1 h postinfection. Total cellular DNA was extracted from infected cells by using the QIAmp DNA Blood Minikit (Qiagen). DNA from ϳ10 5 cells was used for each real-time PCR assay with an ABI Prism 7700 sequence detector (Applied Biosystems). The primer and probe sets for the RU5, hygro, and U5-⌿ regions and the PCR conditions used were as previously described (10, 42) . We used a primer and probe set designed to detect the human porphobilinogen deaminase gene to normalize for the amount of DNA analyzed in the real-time PCR experiments (41) . Threefold dilutions of the MLV-based vector pMMQD3 (6) were used to generate a standard curve ranging from 17 to 1,000,000 copies of DNA per PCR assay. The same dilutions were used to generate a standard curve for each primer and probe set, which allowed accurate measurement of relative amounts of DNA products detected by different sets. The amount of each PCR product was determined from a standard curve generated with that particular primer and probe set. The correlation coefficient for all standard curves was Ͼ0.99.
To normalize for the efficiency of initiation of viral DNA synthesis by the different viruses, we quantified the amount of viral RNA from the viral preparations that were used for infection by RT-PCR, as previously described (10) .
RESULTS

Effect of mutating MLV RNase H primer grip residues on
RT replication fidelity. We previously showed that mutating the MLV RNase H primer grip domain residue Y586 to F significantly decreased replication fidelity (44) . To further determine the role of this domain on replication fidelity, we generated the following mutations: S557A, A558V, Q559L, Y586A, and T590A, encompassing five of the six residues that constitute the domain. The effect of these mutations on the in vivo MLV mutation rate was individually assessed and compared to that of wild-type RT by using a previously described single-round replication assay in which the lacZ gene served as a mutation reporter gene (Fig. 1) . Briefly, GA-1 is an MLVbased vector that expresses lacZ and neo from the viral LTR promoter; the neo open reading frame is translated from an IRES. ANGIE P cells express the amphotropic MLV envelope and contain a single GA-1 provirus. Plasmid pSV␣3.6 confers resistance to ouabain. The ANGIE P cells were cotransfected with either wild-type or mutant gag-pol constructs and pSV␣3.6.
After selection with ouabain, virus-producing cells were pooled and the virus produced from the pooled cells was used to infect target D17 cells. The infected cells were selected for resistance to G418, a neomycin analog, and the resulting colonies were stained with X-Gal. The frequency of lacZ inactivation was then determined by counting white and blue colonies.
Viruses containing wild-type RT inactivated lacZ at a frequency of 5.5% Ϯ 0.5% (Table 1) , which is comparable to results obtained previously (13, 14, 44) . In contrast, three of the five mutants (S557A, A558V, and Q559L) significantly increased the mutation rate by 2.1-to 3.8-fold (P Ͻ 0.003; Student's t test) relative to wild-type RT. The two mutants with the largest effect on fidelity, S557A and A558V, also dramatically reduced virus titers by ca. 100-and 500-fold, respectively, compared to wild-type RT (6.5 ϫ 10 3 CFU/ml). In contrast, Q559L only reduced virus titers by twofold. Of the remaining two mutants, T590A did not significantly change the frequency of lacZ inactivation or the virus titer (P Ͼ 0.1; Student t test), whereas the effect on replication fidelity by Y586A, a nonconservative mutation compared to the previously described Y586F, could not be determined because it reduced virus titers by Ͼ10,000-fold compared to wild-type RT. Thus, the majority of residues within the MLV RNase H primer grip reduced replication fidelity. Using a previously described assay (13), we also determined the RT activities of the S557A, Q559L, and T590A mutant RTs compared to wild-type RT. We found that the S557A mutation had the largest effect on RT activity (21% of wild-type), whereas Q559L and T590A had RT activities of 69 and 56%, respectively, compared to wild-type RT. The RT activities were normalized to the amount of capsid protein quantified by Western blotting (data not shown). That the RT activities were within fivefold of the wild type and that wildtype levels of processed capsid proteins were present on Western blots indicated that the mutations did not significantly influence proteolytic processing. Thus, virus titers of mutants were reduced to a greater extent than RT activities, suggesting that other steps in reverse transcription were also affected by these mutations.
Analysis of mutations generated by the S557A mutant with GFP as a reporter gene. To analyze the nature of replication errors made by mutant RTs, we characterized the mutations generated by S557A because it had one of the highest mutation Wild-type (WT) or mutant MLV gag-pol constructs were cotransfected separately with pSV␣3.6 into ANGIE P or A3GFP11 cell lines. Both cell lines stably express an amphotropic MLV envelope (env) and an integrated MLV-based provirus expressing either lacZ (GA-1 provirus) or GFP (MP-1 provirus), respectively. The GA-1 or MP-1 viruses produced were used to infect D17 target cells. G418-resistant (G418 R ) infected cell clones were quantified to determine the frequency of inactivation of the lacZ or GFP genes. In addition, GFP virus-infected cell clones were pooled, individual nonfluorescent cells were isolated by flow cytometry, and the nature of the GFP-inactivating mutations was characterized by PCR amplification, followed by DNA sequencing. The average virus titers Ϯ the standard errors of the mean were determined by serial dilutions and infections, followed by counting the G418 R colonies. b That is, the number of mutant colonies that displayed a white-colony phenotype and the total number of colonies counted in two to three independent experiments.
c The frequency of lacZ inactivation was calculated as follows: (number of white colonies in each experiment/total number of colonies) ϫ 100.
d The relative change in inactivation of lacZ gene was calculated as follows: the frequency of lacZ inactivation observed with mutant MLV RT/the frequency of lacZ inactivation observed with wild-type MLV RT.
e The frequency of lacZ inactivation was significantly higher than for the wild type (P Ͻ 0.003; Student t test).
f No colonies were present after G418 selection, signifying a Ͼ10 4 -fold reduction in titer.
g NA, not applicable. h Data were from reference 44 [the wild-type virus titer was (9.9 Ϯ 1.6) ϫ 10 3 , and the mutant frequency was 4.9% Ϯ 0.2%].
rates and a sufficiently high virus titer to permit the experiment to be performed. We used GFP as a reporter gene because it is smaller than the lacZ gene (and therefore amenable to PCR amplification) and because it affords easier isolation of cells expressing inactivated GFP genes by FACS. MP-1 is an MLVbased vector that expresses GFP and neo from the LTR promoter; the neo open reading frame is translated from an IRES. A3GFP11 is a cell line that expresses the amphotropic MLV envelope and contains a single MP-1 provirus (44). The wildtype or S557A gag-pol-expressing construct was cotransfected with pSV␣3.6 into the A3GFP11 cell line (Fig. 1 ). The virus produced was then used to infect D17 target cells, and G418-resistant colonies were selected. The frequency of GFP inactivation was determined by examining the G418-resistant colonies by fluorescence microscopy. The frequency of GFP inactivation by wild-type RT was 0.87% Ϯ 0.31%, which is comparable to the results obtained previously (44) . In contrast, S557A mutant RT exhibited a 3.4-fold higher frequency of GFP inactivation, which was not statistically different from that obtained by using lacZ as a reporter gene (3.3-fold higher; Table 1 ).
To determine the nature of the mutations introduced into GFP by the wild-type or S557A mutant RT, individual nonfluorescent clones were isolated by FACS, the mutated GFP sequences were amplified by PCR, and their DNA sequences were determined as previously described (44) . However, in the present study we amplified not only the GFP gene but also the region between the 5ЈLTR and neo gene of the MP-1 provirus, which includes the GFP open reading frame, with different sets of primers. This strategy enabled us to amplify provirus-specific DNA from the majority of nonfluorescent clones because the minimal neomycin-resistant integrated provirus would require both the promoter in the 5ЈLTR and neo expression. To rule out disproportionate clonal expansion, clones from the same infection possessing the same inactivating mutations were counted only once even though this strategy could have underestimated potential mutational hotspots. Taken together, this approach provided an accurate representation of the spectrum of GFP-inactivating mutations introduced by wild-type and mutant RTs.
S557A mutant is associated with an increase in deletion mutations between PBS and GFP or IRES. DNA sequencing of amplified proviral DNA from nonfluorescent clones showed that both S557A and wild-type RTs introduced a wide range of mutations including deletions, duplications, substitutions, and frameshifts ( Table 2 ). The relative changes in mutant frequencies for frameshift and substitution mutations introduced by the S557A RT compared to wild-type RT were modest (0.8-and 3.0-fold, respectively). In contrast, mutations associated with RT template-switching events (deletions and duplications) accounted for the largest increase in mutant frequency by the S557A mutant RT relative to wild-type RT (1.90% versus 0.44%, representing a 4.3-fold increase). Of the template-switching mutations introduced by the S557A mutant, the highest increase in relative mutant frequency was for deletions, which ranged from 963 to 2,222 bp in length, between the PBS and sequences in GFP or IRES (an 8.8-fold increase relative to wild-type RT), which was a much higher increase than for the other classes of mutations that had only 0.8-to 4.6-fold changes in the relative mutant frequency.
Sequencing data showed that, although the 5Ј-end junctions of the PBS deletions contained various sequences, they comprised sequences within a 24-nt region ranging from a few nucleotides upstream of the start of the PBS up to and including the last nucleotide of the 18-nucleotide (nt) PBS (Fig. 2) . This result indicated that the PBS region is a hotspot for template-switching mutations associated with the S557A mutant RT and that incomplete copying of the PBS followed by an error-prone plus-strand transfer could be involved in generating the mutations. In contrast, even though the 3Ј-end junctions of the deletions also varied, they contained sequences from a region more than 1,300 bp in length, ranging from the start of the GFP open reading frame to the end of the IRES, which suggested that no specific acceptor sequences were required for the template switch. Interestingly, 35% of the dele- a That is, the number of mutants containing GFP-inactivating mutations identified by DNA sequencing. b That is, the proportion of mutants identified by DNA sequencing containing a specific type of GFP-inactivating mutation (e.g., the proportion of mutants with PBS deletions for wild-type RT is 9 Ϭ 90 ϭ 0.10).
c Mutant frequencies were determined by multiplying the proportion of mutants sequenced by the overall mutant frequency (e.g., the mutant frequency for PBS deletions for wild-type RT is 0.10 ϫ 0.87 ϭ 0.09).
d That is, the fold increase in mutant frequency for mutant RTs relative to the wild-type RT (e.g., the relative increase in the frequency of PBS deletions for S557A is 0.82 Ϭ 0.09 ϭ 9.1).
e Nonfluorescent clones containing deletion mutations between the PBS and GFP or IRES. tion junctions contained no homology, whereas the rest had a homology of Ͻ4 nt. Taken together, the sequencing data indicated that the increase in the mutation rate associated with the S557A mutant RT was largely due to a unique class of template-switching mutations involving deletions between the PBS and sequences downstream that were a result of error-prone plus-strand DNA transfer. The Y586F mutant is also associated with deletion mutations between PBS and GFP or IRES. Our previous analysis of GFP-inactivating mutations associated with the Y586F mutant concentrated on mutations introduced within the GFP gene by using a single set of primers at the 5Ј and 3Ј ends of the gene for PCR amplification. This approach could have missed the GFP-inactivating mutations involving the PBS. To determine whether deletion mutations involving the PBS or other types of mutations are associated with the Y586F mutant, we used the PCR primers in the 5ЈLTR and neo to amplify provirus-specific DNA from Y586F mutant-infected cells. Similar to S557A mutant analysis, this approach resulted in amplification of provirus-specific DNA from a majority of Y586F-infected nonfluorescent clones. DNA sequencing of the PCR products also showed that, similar to the S557A mutant, mutations associated with the RT template-switching events accounted for the largest increase in relative mutant frequency relative to wild-type RT (3.19% versus 0.44%, representing a 7.3-fold increase). Furthermore, deletions between the PBS and GFP or IRES accounted for the largest increase in mutant frequency among all of the template-switch mutations, representing a 20.3-fold increase in the relative mutant frequency. In contrast, the other classes of mutations had modest increases in relative mutant frequency of 3.6-to 4.7-fold. Examination of the deletion junctions showed that they were similar to those associated with the S557A mutant, suggesting that they were derived by a similar mechanism (Fig. 2) .
Both Y586F and S557A increase the frequency of substitution mutations near adenine-thymine tracts (A tracts). We previously showed that the Y586F mutation increases the frequency of substitution mutations in regions associated with nucleotide sequences AAAA, TTTT, or AATT, known as A tracts (44) . A tracts are known to induce bends in DNA (5). Analysis of substitution mutations introduced by the Y586F mutant in the present study showed that 22 of 32 substitution mutations (69%) were within 18 nt of A tracts (the total includes 17 mutants from Table 2 and 15 mutants from a second separate experiment [data not shown]). The distance between the polymerase active site and the RNase H cleavage site in an HIV-1 crystal structure in complex with a template-primer and dNTP substrate is 18 nt (16) . If the substitution mutations were distributed randomly, we would expect 39% to be located within 18 nt of an A tract in GFP (278 of 717 nt); thus, the 69% frequency is significantly higher than that expected by random distribution (P Ͻ 0.0003; 2 test) and is similar to the 81% observed previously (44) . Analysis of substitution mutations induced by the S557A mutant showed that 60% of the mutations were within 18 nt of an A tract (12 of 20 mutations), which is also significantly higher than that expected by random distribution (P ϭ 0.05; 2 test). In contrast, the proportion of substitution mutations associated with A tracts with wild-type RT was 50% (16 of 32 mutations), which is not statistically different from that expected by random distribution (P ϭ 0.2; 2 test). Therefore, these results indicate that the Y586F and S557A mutants increased the frequency of substitution mutations near A tracts.
FIG. 2. Sequence analysis of deletion mutations between the PBS and GFP or IRES.
The complete wild-type (WT) PBS sequence (shaded nucleotides) with flanking sequences is shown compared to the deletion junctions of the nine wild-type, 17 S557A, and 23 Y586F nonfluorescent clones with deletions between the PBS and GFP or IRES. The number of deleted nucleotides for each clone is indicated in the last column. Short direct repeats at the deletion junctions are shown in boldface. Nucleotide numbers above the sequences refer to the number beginning at the start of the 5ЈLTR. Seven clones with an insertion from a different part of the provirus between the junctions are shown with an asterisk after the clone number. Clone numbers were designated by the number of the infection plate followed by the number of the clone.
Quantitative real-time PCR analysis of viral DNA synthesis by S557A and Y586F mutant viruses. We hypothesized that the incomplete copying of the PBS by both S557A and Y586F mutant RTs was due to an inability of the mutant RTs to copy through the DNA-RNA junction of the minus-strand DNA and the tRNA because of its bent conformation (32) . We postulated that the incomplete copying was followed by an error-prone plus-strand DNA transfer, resulting in deletions between the PBS and GFP or IRES. To test this hypothesis, we analyzed the effects of RNase H primer grip mutations on initiation of viral DNA synthesis. This step involves the RNase H primer grip passing through a RNA-DNA junction. In contrast to the junction encountered during plus-strand strongstop DNA synthesis, this junction is part of the primer strand and is formed during the initiation process by the extension of the tRNA primer. However, the RNase H primer grip has to pass through it because it lags behind the polymerase active site. In addition, we also investigated the effects of RNase H primer grip mutations on plus-and minus-strand DNA transfer steps. Wild-type or mutant gag-pol-expressing constructs were cotransfected with the envelope plasmid pHCMV-G into GN-MLV-GFFP cells, which contain an integrated copy of an MLV-based provirus. Virus was collected 48 h after transfection and used to infect target 293T cells. We monitored initiation of viral DNA synthesis and DNA strand-transfer events by analyzing products of reverse transcription at 1, 3, and 6 h postinfection by quantitative real-time PCR assay. Initiation of DNA synthesis was observed by analyzing early reverse transcription products with an RU5 primer and probe set (Fig.  3A) . RNA was isolated from a fraction of the viral preparation used for infection, quantified by RT-PCR, and used to normalize the amount of RU5 product. The amount of RU5 product from cells infected with mutant virus was then compared to the amount from cells infected with wild-type virus (set at 100%) (Fig. 3B) . This analysis showed that initiation of DNA synthesis was not significantly affected by the S557A and Y586F mutations.
Primer and probe sets in the hygro and the U5-⌿ region were used to detect products after minus-and plus-strand DNA transfer, respectively (Fig. 3A) . To measure minus-strand DNA transfer efficiency, the amount of hygro DNA synthesized was compared to the amount of RU5 DNA (Fig. 3C) . To measure plus-strand DNA transfer efficiency, the amount of U5-⌿ DNA synthesized was compared to the amount of hygro DNA (Fig. 3D) . We measured strand transfer efficiency up to 6 h postinfection because our previous results have indicated that the majority of reverse transcription events occur within the first 6 h (42). The analysis showed that minus-strand DNA transfer was less efficient at 1 and 3 h postinfection for both S557A and Y586F mutant viruses by as much as three-and ninefold, respectively, relative to wild-type virus, but was similar for all three viruses at 6 h postinfection. This result indicates that minus-strand DNA transfer occurred slowly by the mutant viruses but was as efficient as that by wild-type virus later during infection. In contrast, plus-strand DNA transfer was significantly less efficient for both S557A and Y586F by 22-and 18-fold at 3 h postinfection and by five-and threefold at 6 h postinfection, respectively. The significant deficiency in plus-strand DNA transfer by the mutant viruses by using the quantitative real-time PCR assay was consistent with the mu- tation analysis data showing a defect in plus-strand DNA transfer by both S557A and Y586F mutants.
DISCUSSION
The data presented in this study confirm and extend our previous finding that the MLV RNase H primer grip domain plays a significant role in viral replication fidelity (44) . Using lacZ or GFP as the reporter gene, we found that mutation of three of the six residues that constitute the domain resulted in 2.1-to 3.8-fold increases in the in vivo mutation rates. Although most of the mutations in the RNase H primer grip resulting in an increase in the mutation rate also showed significant decreases in virus titers, we do not believe that the former is a consequence of the latter. We have previously reported mutations in RT that significantly reduced virus titers but did not affect mutation rates (14) . DNA sequencing analysis of GFP-inactivating mutations introduced by the mutant RTs showed that the increases in the mutation rate were primarily due to an increase in the frequency of deletions between the PBS and GFP or IRES. In the present study, we amplified provirus-specific DNA from nonfluorescent clones by using primers between the 5ЈLTR and neo. Because expression of genes from the provirus would require the 5ЈLTR promoter and expression of neo to overcome G418 selection, this strategy enabled DNA amplification from the smallest possible neomycin-resistant integrated provirus and resulted in amplification of DNA from Ͼ90% of nonfluorescent clones. Thus, this approach provided an accurate representation of the spectrum of GFP-inactivating mutations introduced by wild-type and mutant RTs.
We observed that the increase in the frequency of deletions between the PBS and GFP or IRES in mutant RT viruses was the result of an error-prone plus-strand DNA transfer that is often preceded by an incomplete copying of the tRNA sequences that anneal to the PBS (see proposed model, Fig. 4) . The incomplete copying of the tRNA primer sequences could be due to the inability of the RT to copy through the DNA-RNA junction of the minus-strand DNA and the tRNA because of its bent conformation (32) . The premature termination may occur after copying through the DNA-RNA junction because the RNase H primer grip lags behind the polymerase active site and may be unable to progress through the bend in the duplex at the DNA-RNA junction. The global structure of the duplex formed by the chimeric DNA-tRNA strand and the cDNA strand of both MLV and HIV-1 has been shown to be significantly distorted (9, 32) . The duplex assumes an H-form structure at the DNA:RNA hybrid portion and a B-form structure at the DNA:DNA end, resulting in structural discontinuity at the junction. In the MLV duplex, this discontinuity causes a change in the direction of the helix with a bend of 18 Ϯ 3°, a large negative buckle at the junction base-pair step T5 ⅐ A14-T6 ⅐ a13, and a gradual increase in the minor groove width from the DNA section toward the hybrid section (32) . Plusstrand DNA transfer is then error-prone, possibly due to a decrease in the length of homology between the plus-strand strong-stop DNA and the complementary minus-strand DNA region or due to weaker interactions between the mutant RT and the template-primer. Although our proposed model depicts minus-strand DNA transfer to occur to the copackaged RNA that has not initiated DNA synthesis, it is possible that minus-strand DNA transfer could occur intramolecularly or to a copackaged RNA that has initiated DNA synthesis. In this case, minus-strand DNA synthesis could continue not by pairing RU5 sequences but by pairing the complete or incomplete PBS sequence at the deletion junction with the PBS sequence in the minus-strand DNA. Alternatively, the deletions could form as a result of incomplete minus-strand DNA synthesis (for example, due to slow processivity of mutant RTs), forcing the plus-strand strong-stop DNA to anneal to the 3Ј end of the prematurely terminated minus-strand DNA resulting in deletion of the region between the PBS and the termination point of minus-strand DNA synthesis (Fig. 4) . Both mechanisms would lead to errors occurring during plus-strand DNA transfer.
Our previous finding showed an increased frequency of substitution mutations by the Y586F mutant near A tracts (44) . Similar to DNA-RNA junctions, A tracts are associated with a bent DNA conformation at their junction with a G/C base pair, which results in a narrowed minor groove (5) . Analysis of substitution mutations associated with the Y586F and S557A mutants in the present study also showed an increased frequency of substitution mutations within 18 nt of A tracts relative to wild-type RT. This result indicates that MLV RNase H primer grip mutants are unable to induce a proper conformation of the template-primer duplex at the polymerase active site when a bent conformation is present, resulting in error-prone replication.
Our hypothesis that error-prone plus-strand DNA transfer is responsible for the increase in deletion mutations between the PBS and GFP or IRES was tested further by comparing the efficiency of plus-strand DNA transfer by the mutant and wildtype RTs, by using a quantitative real-time PCR assay. This analysis showed that the efficiency of accurate plus-strand DNA transfer was significantly decreased in mutant RT viruses relative to wild-type virus, which is consistent with the observed increase in deletions. In contrast, the efficiency of minus-strand DNA transfer, although diminished in mutant viruses at early time points, was similar to that of wild-type virus by 6 h postinfection. It is possible that the longer region of homology in minus-strand strong-stop DNA compared to plus-strand strongstop DNA makes minus-strand DNA transfer more efficient than plus-strand DNA transfer in mutant viruses despite the weaker RT and template-primer interactions.
RT encounters another RNA-DNA junction during initiation of viral DNA synthesis, which is formed by the tRNA primer and nascent DNA strand. In this case, the hybrid duplex consists of the chimeric tRNA-DNA strand and the template RNA strand. In contrast to the significant effect of RNase H primer grip mutations on plus-strand DNA transfer, their effect on initiation of DNA synthesis was insignificant relative to wild-type virus. One explanation for this difference could be that the RNA-DNA junction is formed during initiation of minus-strand DNA synthesis and becomes part of the primer strand, whereas the DNA-RNA junction during plus-strand strong-stop DNA synthesis is part of the template strand. Alternatively, the MLV RNase H primer grip mutants could be better at copying through the DNA-RNA junction when it is in a duplex with an RNA strand rather than a DNA strand. The crystal structure of the HIV-1 hybrid duplex formed by a chimeric DNA-tRNA strand and template RNA strand has been reported to have an A-form structure with minor structural perturbations at the r(cpa) ⅐ d(TpG) base pair step (28) . Intriguingly, HIV-1 RNase H primer grip mutants have been shown to significantly affect initiation of viral DNA synthesis but not plus-strand DNA transfer (17) . The fact that HIV-1 RT is a heterodimer, whereas MLV RT is a monomer and that the residues constituting the HIV-1 RNase H primer grip reside in both the p66 and p51 subunits (7, 34) , could influence the nature of RT and template-primer interactions by the two viruses. The MLV RT structure has recently been reported (7), but unfortunately the RNase H domain is not sufficiently resolved to directly examine whether the contacts between the RNase H primer grip residues and the DNA primer strand are similar to those observed in HIV-1. The mutations in the RNase H primer grip could also indirectly affect viral DNA synthesis by affecting RNase H activity. However, in vitro studies have shown that mutations at A558 and Q559 of MLV RT do not affect its RNase H activity (1, 2) . In contrast, the RNase H activity of the Y586F mutant is reduced by 20-fold. The effect on RNase H activity of mutations at S557 has not been determined.
In summary, our findings indicate that the MLV RNase H primer grip domain plays a significant role in dealing with structural constraints in the template-primer complex introduced by A tracts or DNA-RNA junctions. This role not only ensures proper positioning of the template-primer at the polymerase active site, resulting in incorporation of the correct FIG. 4 . Proposed mechanism for the formation of deletions between the PBS and GFP or IRES. Initiation of DNA synthesis is proposed to start from only one of the two copackaged RNA genomes labeled a. Minus-strand DNA transfer then occurs onto the copackaged RNA labeled b, which did not initiate reverse transcription, resulting in minus-strand DNA that has R, U5, and PBS at its 3Ј end. Plus-strand DNA synthesis initiates from the PPT as expected but fails to copy through the DNA-RNA junction of the minus-strand DNA and the tRNA because of its bent conformation, resulting in incomplete copying of the PBS (stripped arrowhead) and error-prone plus-strand DNA transfer into the GFP gene or IRES because of decreased homology and weaker RT-template interactions. The R and U5 regions from the minus-strand DNA then hybridize with the complementary R and U5 regions from the plus-strand strong-stop DNA, forming a loop from the PBS into GFP or IRES that is excised and repaired by the host DNA repair machinery. The completion of plus-strand DNA synthesis downstream of GFP or IRES and minus-strand DNA synthesis upstream of the R region results in the formation of a double-stranded DNA with a deletion between the PBS and GFP or IRES that is subsequently integrated into the host genome to form a deleted provirus. Alternatively, error-prone plus-strand DNA transfer could occur because of incomplete minus-strand DNA synthesis, which would also result in deletions between the PBS and the sequences downstream of the premature minus-strand DNA synthesis termination point. RNA molecules are shown in gray, whereas DNA molecules are shown in black.
nucleotides, but also helps in preventing premature dissociation of the RT from the template-primer duplex, thereby facilitating efficient and accurate DNA synthesis.
